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Abstract 
Conductive polymers can carry a charge due to the presence of excess electrons along the carbon 
backbone. By growing these polymers into crystals, the usual insulative isotropic matrix that polymers 
form will be replaced with anisotropic regions where conduction is possible parallel to the crystal lattice 
growth direction. In previous research, while growing sphere shaped crystals it was observed that a few 
would exhibit rings that formed parallel to the circumference of the sphere. In this project, the conditions 
to produce this ring structure were examined by looking at two polymer solutions (with carbon disulfide 
or dichlorobenzene as solvent) and two crystal growing temperatures (24°C and 26°C). Crystal growth 
rate was controlled through limited solvent evaporation. After the solvent had fully evaporated, the 
samples were observed under polarized optical microscopy to look at the orientation of the crystal lattice 
and to determine if the ring structure was present. Scanning electron microscopy was used to examine the 
structure at higher magnifications and to establish crystalline shape. The ring structure could be observed 
in samples from three of the four conditions. The condition that produced the highest contrast between the 
rings and the body of the spheres was the solution containing dichlorobenzene as the solvent at 24°C.   
 
 
 
 
 
 
 
 
 
 
 
 
 
   
 
ii 
 
Acknowledgements 
I would like to thank everyone who contributed to this project. First my project advisor, Prof. Trevor 
Harding from the California Polytechnic State University Materials Engineering Department for guidance 
and assistance throughout the whole experience. The principal investigator of this project, Prof. Shanju 
Zhang from the California Polytechnic State University Chemistry & Biochemistry Department.  Fangyou 
Xie, a graduate student who provided input and helped to develop the procedure. Denzel Ayala, the 
research assistant for the California State University Polymers and Coatings Department who helped to 
perform characterization on a few of the samples and aided with the equipment in the lab. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
 
iii 
 
Table of Contents 
 
Abstract...........................................................................................................................................................i 
Acknowlendgements......................................................................................................................................ii 
List of Figures...............................................................................................................................................iv 
List of Tables.................................................................................................................................................v 
1. Introduction................................................................................................................................................1 
 1.1. Applications for Conductive Polymers......................................................................................1 
 1.2. Conductive Polymers.................................................................................................................1 
 1.3. Conjugated polymers.................................................................................................................2 
 1.4. Poly (3-Alkylthiophene) (P3AT)...............................................................................................2 
 1.5. Ring-Banded Spherulitic Crystals..............................................................................................3 
 1.6. Problem Statement.....................................................................................................................4 
2. Experimental Procedures...........................................................................................................................4 
 2.1. Production of P3BT Solution.....................................................................................................4 
 2.2. Production of P3BT Crystals Via Controlled Solvent Evaporation...........................................4 
 2.3. Polarized Optical Microscopy....................................................................................................5 
 2.4. Scanning Electron Microscopy..................................................................................................5 
 2.5. Fourier-Transform Infrared Spectroscopy.................................................................................5 
3. Results........................................................................................................................................................6 
 3.1. Polarized Optical Microscopy Data ..........................................................................................6 
 3.2. Scanning Electron Microscopy Data.........................................................................................7 
 3.3. Fourier-Transform Infrared Spectroscopy Data.........................................................................8 
4. Discussion..................................................................................................................................................9 
 4.1. Spherulite Morphology..............................................................................................................9 
 4.2 FTIR Analysis...........................................................................................................................10 
5.Conclussions.............................................................................................................................................11 
6. Future Work.............................................................................................................................................11 
7. References................................................................................................................................................11 
 
   
 
iv 
 
List of Figures 
 
Figure 1. A repeating unit of P3AT with a head to tail head to tail coupling..................................3 
Figure 2. Ring banded spherulitic crystals in P3BT........................................................................4 
Figure 3. Diagram of the experimental layout.................................................................................5 
Figure 4: Ring-banded spherulites produced that closely adhere to previous research...................6 
Figure 5. Variations in rings produced in spherulites......................................................................7 
Figure 6. SEM image of a spherulite that is approx. 240 µm in diameter.......................................8 
Figure 7. FTIR spectrogram of samples using DCB as solvent.......................................................8 
Figure 8. FTIR spectrograph of samples using CS2 as solvent.......................................................9 
Figure 9. FTIR Spectrographs from 800-1490 cm.........................................................................10        
   
 
v 
 
List of Tables 
 
Table I: Some important properties of conductive polymers compared to metals and insulators.................2 
Table II: Conditions that displayed a ring-banded structure..........................................................................6 
Table III: Functional group assignment for the physical structure of P3BT thin film  
in the region of 800-1490 cm.......................................................................................................................10
   
 
1 
 
1. Introduction 
1.1. Applications for Conductive Polymers 
The technology of conductive polymers could be applied to a variety of different situations. One example 
is corrosion prevention. Usually chromium and cadmium are used to prevent corrosion, but they may 
become outdated soon because of the danger factor in using them. Chromium and cadmium are dangerous 
to use but are good at preventing corrosion. Conductive polymers could replace these two materials to 
counter the corrosive environments that materials are in. Another way to prevent corrosion is using 
sacrificial electrodes. Sacrificial electrodes are viable to prevent corrosion safely, but the coatings do not 
last long. The sacrificial material might be released into the environment and might be toxic.1 
Barrier coatings, such as epoxy, that prevent the electrolyte from reaching the surface of the material that 
is being prevented from corroding are effective but not durable. Pits can form in the coating that allows 
the electrolyte to attack the material under the coating. Conductive polymers could be used as protection 
against corrosion caused by oxidation of the surface material by inhibiting water from reacting with the 
material. This reaction produces oxides and hydroxides, stripping away at the structure of the material. 
The pitting caused by the reaction increases surface area which in turn increases the rate of corrosion.1 
Conductive polymers could also be used to produce sensors and electromechanical devices. Studies have 
shown that conducting polymers’ properties change with the incorporation of solvents and ions from the 
surrounding area.1 The change in properties could be used to measure ion-specific changes in an 
environment. Conducting polymers also change volume depending on their oxidation state. Actuators 
made from conductive polymers could be produced. Polyaniline and polypyrrole-based oxidation induced 
strain has been reported.1 
Batteries are being developed that make use of conductive polymers as an electrode. Conductive 
polymers, used as an active material in batteries, can obtain a high energy density. Lithium-based 
batteries utilizing the high potential difference between lithium and a conductive polymer. Shelf life and 
stability of such batteries have showed to be issues at this time and further research and development is 
needed to expand on this technology.1 
Conductive polymers have shown promise in the development of LEDs. LEDs are composed of an 
electron injecting electrode (cathode), a conducting polymer layer, and the hole injecting electrode 
(anode). The electron injecting electrode has a low work function (easily oxidized). The hole-injection 
metal electrode has a high work function. An electron is injected into the polymer from the cathode and a 
hole in injected from the anode, the two instances interact in the center of the polymer and combine to 
give off light.1 
1.2. Conductive Polymers 
Conductive polymers can be produced to display a wide range of conductivity. Some conductive 
polymers display conductivity like that of metals. Doped polyacetylene was reported in 1987 to display 
conductivities on the order of 104 S/cm.2 This is comparable to lead. Conductivities on the order of 105 
were obtained, however as the conductivity of the polymer increased the temperature dependence of 
conductivity in the polymer became weaker. For comparison, silver and copper have conductivities on the 
order of 106 S/cm. 
Conductive polymers can also be produced to display semi-conductor like properties. Although 
conductive polymers have been produced to display conductivity on the order of metals, most conductive 
polymers are produced to display conductivity on the order of 102 - 10-6 S/cm2.2    
These polymers owe their conductive properties to delocalized electrons that allow for “holes” that 
electrons can use to mobilize through the polymer. Dopants and orientation of the polymer chains 
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increase the conductivity of the polymer. Pi-electrons have a relatively large bandwidth with relatively 
weak interchain coupling, which is enough for three-dimensional delocalization of charge carriers. The 
electrons of conjugated double bonds are easily delocalized and can mobilize along the polymer 
backbone.1 A few examples of conductive polymers are: Poly (acetylene), Poly (pyrrole), Poly (para-
phenylene vinylene), Poly (para-phenylene), Poly (thiophene), and Poly (3,4-ethylenedioxythiophene). 
These polymers have conjugated backbones that allow for free electrons. 
1.3. Conjugated polymers 
Conjugated polymers have a certain type of bonding that gives them the ability to carry a charge. There 
are strong pi – pi interactions between the conjugated backbones. Pi – pi interactions are controlled by 
electrostatic interactions, but the major energetic contribution comes from other factors.3 The interactions 
are not due to attraction between two pi – systems but the attractive interaction between the pi – systems 
and the sigma – systems that outweigh repulsion of pi – electron interaction.3 Conjugated polymers have 
conjugated double bonds separated by single bonds. 
The charge carriers in a conjugated polymer are delocalized electrons from the conjugated double bonds 
that allow for a charge to be carried. There are generally two ways that these polymers are processed: 
chemical polymerizing and electrochemically polymerized.1 Chemically polymerizing involves 
conjugated monomers reacting with excess amounts of an oxidant in a solvent. This form of 
polymerization is spontaneous and requires constant stirring. Electrochemically polymerizing involves 
placing a counter and a reference electrode into a solution containing a diluted monomer and electrolyte, 
which is the dopant, in a solvent. When a voltage is applied, a polymer film will form of the working 
electrolyte.  
The structure of conjugated polymers displays double bonded carbons separated by single bonded 
carbons. Some of these polymers also contain aromatic rings which contain oscillating double bonds. The 
properties of these polymers are displayed in Table I. The properties are compared to other metals and 
insulators. 
Table I: Some important properties of conductive polymers compared to metals and insulators.1 
 
 
1.4. Poly (3-Alkylthiophene) (P3AT) 
The P3AT molecular structure involves a backbone of conjugated aromatic rings containing a sulfur atom 
(Figure 1).4 The repeating unit contains a carbon chain extending off the third carbon of the aromatic ring. 
When joining the repeating units together, head to tail head to tail coupling is desirable; this means that 
all the carbon chains that come off the aromatic rings are aligned in the same direction.  
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Figure 1. A repeating unit of P3AT with a head to tail head to tail coupling.4 
The type of P3AT that will be during this study is: Poly(3-butylthiophene) (P3BT). This polymer has the 
same aromatic ring backbone structure, but the “R” group displayed in Figure 1 is four carbons long in 
Poly(3-butylthiophene). 
P3ATs are processed utilizing oxidation polymerization (chemically polymerized) in a NfeCl3 solution in 
chloroform at room temperature under nitrogen atmosphere. The resulting mixture is then poured into 
methanol to precipitate the polymer out of solution.5 
1.5. Ring-Banded Spherulitic Crystals 
Ring banded spherulitic crystals are a unique phenomenon that is achieved under specific conditions. To 
yield this structure, films of the crystals are produced by melting a polymer or dispensing a sample of the 
polymer onto a surface and then allowing to cool at a controlled temperature, either covered or uncovered 
with a glass surface.6 The crystals grow in small ellipsoids that rotate as they form to produce rings of 
various heights.6 The adjacent radii of the ellipsoids are all in the same phase of rotation, thus forming 
rings. Ring-banded spherulites are also caused by the periodic twisting of ribbon-like lamellae along the 
radial growth direction.7 This is caused by unbalanced stresses from the opposite chain folding surface.7 
Ring banded spherulites tend to form Maltese cross along the vibration directions of polarizer and 
analyzer.6 Changes in temperature during growth effects the spacing between the rings.6 Lower 
temperatures cause the rings to form closer together. Ring banded spherulitic crystals are observed mostly 
in conjugated polymers but have also been reported sporadically in non-conjugated polymers.7 
Ring banded spherulitic crystals have been displayed in P3BT and displayed significant charge transport 
anisotropy.7 These crystals were produced by solvent evaporation of solution cast films.7 This allows for a 
controlled temperature and concentration of the polymer in the solvent. The type of solvent could also 
play a role in the development of the crystal structure in this polymer. Figure 2 shows the crystal structure 
and highlights the rings. 
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Figure 2. Ring banded spherulitic crystals in P3BT. 
1.6. Problem Statement  
To determine the optimal procedure to produce ring banded spherulitic crystals in poly (3-alkylthiophene) 
polymers based on the variables: solvent (carbon disulfide mixed with either dichlorobenzene or 
trichlorobenzene), temperature (24°C and 26°C). 
2. Experimental Procedures 
2.1. Production of P3BT Solution 
Two solutions were produced, one containing 2 wt.% P3BT, 7 wt.% trichlorobenzene, and 91 wt.% 
carbon disulfide (CS2), the other containing 2 wt.% P3BT, 7 wt.% trichlorobenzene, and 91 wt.% 
dichlorobenzene (DCB). Carbon disulfide and dichlorobenzene were used as solvents and the 
trichlorobenzene was added to lower the vapor pressure of the solution which allows the evaporation to be 
more easily controlled. The solutions were evaporated at two temperatures, 24°C and 26°C.  
2.2. Production of P3BT Crystals Via Controlled Solvent Evaporation 
 A controlled evaporation jar with a sample stage inside was placed into a silica oil bath that was on top of 
a hot plate (Figure 3). A thermometer was placed into the silica oil bath to ensure correct temperature. 
After the hot plate was set to the proper temperature, the controlled evaporation jar was given 10 minutes 
to allow the jar to reach thermal equilibrium with the silica oil bath. 10 ml of carbon disulfide was added 
into the bottom of the jar to produce vapor pressure inside the jar so that the solution will evaporate at a 
slower rate. After the carbon disulfide was poured into the bottom of the jar a glass substrate was placed 
onto the sample stage and 0.5 ml of the P3BT solution was deposited onto it. After the solution was 
deposited onto the glass substrate, the lid was placed on the jar and only tightened 180° to allow the vapor 
pressure to be released from inside the jar. The controlled evaporation jar enabled a controlled release of 
vapor pressure from inside the jar to ensure that the P3BT solution evaporated slowly. After the lid was 
applied, the solution was allowed to fully evaporate and was completely dry after approximately 24 hours, 
then the sample was removed from the jar.  
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Figure 3. Diagram of the experimental layout.  
2.3. Polarized Optical Microscopy 
Once a sample was produced, polarized optical microscopy (POM) was performed using a Leica 
DM2500P polarized optical microscope to determine if the sample contained the ring-banded spherulitic 
structure. The sample was placed under the polarized optical microscope and an optical examination of 
the surface of the polymer film was performed. Experimental samples were compared against samples 
from literature. 
2.4. Scanning Electron Microscopy 
Scanning electron microscopy (SEM) was also performed using a Quanta 200 SEM to observe the 
structure at a higher magnification. The specimens were first attached to a sample stub using a carbon 
conductive tab, then the specimen was gold sputter coated with gold to allow for higher resolution of 
images and to prevent the specimen from charging. After the specimens were sputter coated, SEM was 
performed in high vacuum mode with a voltage of 5 kV and a spot size of 4.5.  
2.5. Fourier-Transform Infrared Spectroscopy 
Fourier-transform infrared (FTIR) spectroscopy was performed using a Jasco FT/IR-4100 spectrometer. 
The sample stage was first cleaned and the background scans were performed. Then the samples were 
placed face down onto the sample stage with the polymer film in contact with the crystal. The polymer 
film of the specimens was attached to the glass substrate during FTIR spectroscopy. 
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3. Results 
3.1. Polarized Optical Microscopy Data  
Observation of the P3BT films under POM revealed that 5 specimens contained the ring-banded 
spherulitic structure. One of the specimens closely aligned to previous research (Figure 4) where others 
were variations on the ring-banded structure (Figure 5). Table II displays the quantity of specimens 
produced under each condition that displayed the ring-banded structure. The spherulites observed ranged 
from approx. 150 µm to 300 µm in diameter. The “Maltese Cross” structure that is common in polymer 
spherulites is present and visible when the light of the microscope is run through the polarizer.  
Table II: Conditions that displayed a ring-banded structure 
Condition Number of Specimens Displaying a Ring-Banded 
Structure 
P3BT in CS2 at 24°C 1/8 
P3BT in CS2 at 26°C 2/4 
P3BT in DCB at 24°C 2/4 
P3BT in DCB at 26°C 0/4 
 
 
Figure 4: Ring-banded spherulites produced that closely adhere to previous research. 
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Figure 5. Variations in rings produced in spherulites. A) Rings close to those seen in previous research.7 B) Ring 
close to outer radius. C) Multiple rings near outer radius. D) Singular ring about halfway between center and outer 
radius. 
3.2. Scanning Electron Microscopy Data 
The SEM images collected reveal the presence of ridges on the surface of the spherulites (Figure 6). The 
ridges are not continuous rings that fully encircle the nucleus of the spherulite nor are they perfectly 
circular either. The directionality of the polymer crystal chains can be observed, however the “Maltese 
Cross” structure is not as apparent under the SEM as it was in the crystals under the POM. The direction 
of the spherulite growth and the orientation of the polymer crystal can be seen at greater detail. 
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Figure 6. SEM image of a spherulite that is approx. 240 µm in diameter. 
3.3. Fourier-Transform Infrared Spectroscopy Data 
FTIR analysis of specimens that used DCB (Figure 7) and CS2 (Figure 8) as solvents both displayed 
peaks at approx. 2951, 2926, 2858, 1509, 1456, and 1377 cm. There are also smaller peaks that are not as 
defined around 2150 cm that are present in the spectrographs from both categories. In all the 
spectrographs there are also peaks from 800-900 cm. 
 
Figure 7. FTIR spectrogram of samples using DCB as solvent. 
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Figure 8. FTIR spectrograph of samples using CS2 as solvent. 
4. Discussion 
4.1. Spherulite Morphology 
P3BT has been proven to readily dissolve in CS2 and DCB at room temperature.8,9,10 The type of crystal 
that the polymer will crystalize into and the size of the crystal are largely dependent on the evaporation 
rate of the solvent. There are to forms that these crystals are known to form into, form I and form II.10 The 
spherulitic crystals observed in this study display both forms. The two forms are produced by the 
orientation of the crystal lamella. In form I the π-π bonds are parallel to the glass substrate. In form II the 
π-π bonds are perpendicular to the glass substrate. Form II is the from that is present within the 
spherulites themselves, form I, which looks more like a whisker type pattern was not visible on any of the 
specimens. The slower evaporation rate and relatively low polymer concentration of this study facilitated 
the production of form II crystals.  
Ring-banded spherulites have only been observed in P3BT solutions using CS2 as the solvent.7 In this 
study, ring-banded spherulites were observed in specimens that were produced from a solution that used 
DCB as the solvent. This could happen because the vapor pressure of DCB is much lower than CS2 (about 
1.36 mmHg and 300 mmHg respectively). The lower vapor pressure allows for a slower evaporation rate, 
and as stated before the size and type of crystal that will form upon solvent evaporation is largely 
dependent of the evaporation rate. Not all the samples using DCB produced the ring-banded structure 
though, which could indicate that the evaporation rate is not fully dependent on the vapor pressure of the 
solvent. The controlled evaporation jar controls the release of the vapor from inside the jar and since there 
is an amount of carbon disulfide placed in the bottom of the jar to introduce vapor pressure into the 
evaporation rate of the solution is still dependent on the release of the vapor pressure from inside the jar. 
Since all the conditions were performed using the same release valve on the jar, the increased temperature 
would increase the release of the vapor pressure from inside the jar and consequently increase the 
evaporation rate of the solution. In general, the size of the spherulites produced were smaller when the 
temperature was higher.  
Ring-banded spherulites are a product of either diffusion processes or an impediment to crystal lamellar 
growth during the formation of the spherulite. The slower evaporation rates would allow the polymer 
chains more time to diffuse from portions of the spherulite that has already crystalized to areas where 
there is still solution, thus increasing the concentration of the solution in that area and increasing length of 
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that crystal lamella.7 Some research shows that the rings on the spherulites could also be due to the crystal 
lamella growing in stacking crystals from the spherulite nucleus radially outward.11 This could be a 
plausible explanation to why the rings were present on the spherulites that were almost full spheres. The 
layered lamella of the crystals grow on top of the previous layer with the nucleation point on the surface 
of the solution and as the layers of the lamella form beneath the previous layer, the top of the layered 
lamella is the surface of the spherulite and that causes the rings. In a thin film the concentration gradients 
caused by the diffusion of the polymer as the solution is evaporating causes valleys and ridges to form. 
When the spherulites are thicker the gradient causes the spherulites to grow in layers.11,12 
4.2. FTIR Analysis 
The FTIR spectrographs of the experimental P3BT films coincide with spectrographs from literature. The 
portion of the spectrograph that is most informational to the crystal structure of the P3BT films is from 
1490-800 cm.13 Table III displays the functional group assignment of each peak. The peaks around 1450 
cm correlate to carbon-carbon double bonds that the conjugated backbone is comprised of. The peak that 
is present at approx. 820 cm indicates the presence and orientation of the thiophene rings. The peak in the 
FTIR spectra at approx. 820 cm display different magnitudes in the specimens that were analyzed (Figure 
9). The larger magnitude of the 820 cm peak could indicate a greater presence of the form I crystal at the 
point that the FTIR spectra was performed.   
  
Figure 9. FTIR Spectrographs from 800-1490 cm of (left) P3BT film solution cast using DCB as solvent and (right) 
P3BT film solution cast using CS2 as solvent. 
Table III: Functional group assignment for the physical structure of P3BT thin film in the region of 800-1490 cm. 
IR frequency (cm) assignment related physical structure 
~1450 (C═C) effective conjugation length 
~1380 CH3  
~820 C – H   thiophene rings14 
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5. Conclusions 
After producing polymer films using four distinct crystal growth conditions it was determined that three 
out of the four conditions produced ring-banded spherulites in thin films of poly (3-butylthiophene-2,5-
diyl). The solution of P3BT in DCB at 24°C produced spherulites most like those found in previous 
studies, however, the solution of P3BT in CS2 at 26°C also produced ring-banded spherulites at the same 
consistency. The solution of P3BT in CS2 at 24°C produced ring banded spherulites at a lower 
consistency and the solution of P3BT in DCB at 26°C did not produce ring-banded spherulites at all.   
6. Future Work 
Since the main factor in the formation of ring-banded spherulites is the evaporation rate, more research 
could be performed using evaporation rate as one of the variables. A more precise way to control the 
evaporation rate of the solution could also be developed. The three-dimensional ring-banded spherulitic 
crystals of P3BT have not been closely observed and a more in-depth study of that structure may give a 
greater understanding to the formation mechanism of the rings in P3BT spherulites. Atomic force 
microscopy (AFM) was difficult to perform on the specimens in this study because of their depth. A 
setting in AFM known as contact mode could be performed on the specimens to characterize the rings on 
the spherulites more precisely. The different ring types that were observed during this study could also be 
observed at higher detail to determine the cause and difference between those rings and the rings seen in 
previous studies.   
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